N[eurofilaments]{.smallcaps} (NFs)^1^ are the most prominent cytoskeletal components in large myelinated axons and probably the most abundant and widely expressed of neuronal intermediate filament (IF) proteins. In mammals, NFs are composed of three proteins termed light (NF-L), mid-sized (NF-M), and heavy (NF-H) NFs. These proteins are encoded by separate genes ([@B17], [@B21], [@B27]) and have apparent molecular weights of ∼68,000, 150,000, and 200,000, respectively, when separated on SDS-PAGE gels.

Like all IFs, NF proteins contain a relatively well-conserved α helical rod domain of ∼310 amino acids with variable NH~2~-terminal and COOH-terminal regions ([@B33]). In NFs, the COOH-terminal domains are greatly extended relative to other IFs and contain a glutamic acid--rich region of unknown significance and in NF-M and NF-H a series of lysine-serine-proline-valine (KSPV) repeats ([@B21], [@B27]) which are major sites of phosphorylation in both proteins. In axons, NFs form bundles of 10-nm diameter "core filaments" with sidearms consisting of phosphorylated COOH-terminal tail sequences of NF-M and NF-H ([@B12], [@B13], [@B26], [@B29]) that have been thought to extend and maintain the spacing between filaments ([@B4]). Similar sidearm extensions are not found in IFs composed of other IF proteins such as desmin, glial fibrillary acidic protein, or vimentin. In NFs assembled in vitro, all three subunits appear to be incorporated into core filaments ([@B12], [@B26]). Thus, current models of NF assembly suggest that NF-M and NF-H are the major components of sidearm extensions and are anchored to a core of NF-L via their central rod domains.

Although much is known about NF structure and assembly, questions remain concerning NF function. A primarily structural role for NFs is suggested by their prominence in large axons ([@B41]). Small unmyelinated axons contain few NFs ([@B9]) and some small neurons lack morphologically identifiable NFs ([@B3], [@B32], [@B38]). Most dendrites contain few NFs and only in dendrites of large neurons such as motor neurons are NFs numerous ([@B41]).

A role for NFs as a major determinant of axonal diameter has long been suspected from the correlation between NF content in axonal cross sections and axonal caliber ([@B16]). This correlation persists during axonal degeneration and regeneration ([@B14]) and changes in NF transport correlate temporally with alterations in the caliber of axons in regenerating nerves ([@B15]). Additionally, fewer NFs occur at nodes of Ranvier where axonal diameter is reduced ([@B1]), and certain NF epitopes are found only in regions where maximal axonal caliber has developed ([@B6]).

Several animal models have supported a role for NFs in establishing axonal diameter. One is a Japanese quail (Quiverer) with a spontaneous mutation in NF-L that generates a truncated protein incapable of forming NFs ([@B31]). Homozygous mutants contain no axonal NFs and exhibit a mild generalized quivering. In these animals, radial growth of myelinated axons is severely attenuated ([@B44]) with a consequent reduction in axonal conduction velocity ([@B37]). In transgenic mice, Eyer and Petersen ([@B8]) expressed an NF-H/β-galactosidase fusion protein in which the COOH terminus of NF-H was replaced by β-galactosidase. NF inclusions were found in the perikarya of neurons and the resulting NF aggregates blocked all NF transport into axons resulting in axons with reduced calibers. More recently, Zhu et al. ([@B45]) have shown that mice lacking NFs due to a targeted disruption of the NF-L gene have diminished axonal calibers and delayed maturation of regenerating myelinated axons.

Although these models clearly suggest a role for NFs in establishing axonal diameter, they contribute only limited information concerning the roles of the individual NF subunits. During development, NF-L and NF-M are coexpressed initially whereas NF-H appears later ([@B4]). Studies in transgenic mice have found that overexpressing mouse NF-L leads to an increased density of NFs, but no increase in axonal caliber ([@B25]). More recently, Xu et al. ([@B43]) overexpressed each of the mouse NF subunits either individually or in various combinations. They found that only when NF-L was overexpressed in combination with either NF-M or NF-H was axonal growth significantly increased. Interestingly, when NF-M and NF-H were overexpressed alone or in combination with one another, radial axonal growth was inhibited.

It also remains incompletely understood how NF stoichiometries are regulated and the degree to which any one NF subunit is dominant in this regulation. Recently, conflicting data has appeared concerning the role of NF-M in regulating NF stoichiometries. We found that overexpression of human NF-M in transgenic mice increases the levels of endogenous mouse NF-L protein and decreases the extent of phosphorylation of NF-H ([@B39]). These results imply that NF-M may play a dominant role in regulating the levels of NF-L protein, the relative stoichiometry of NF subunits, and the phosphorylation status of NF-H. However different results were obtained by Wong et al. ([@B40]) who found that overexpression of mouse NF-M in transgenic mice did not effect the levels of axonal NF-L, and although it reduced NF-H, it did not effect its phosphorylation status.

To further address these issues we generated mice bearing a null mutation in the mouse NF-M gene. Here we describe the effects of this mutation on nervous system development with particular reference to the role of the NF-M subunit in specifying axonal diameter and its effect on levels of the remaining NF subunits.

Materials and Methods {#MaterialsMethods}
=====================

Generation of Targeting Vectors
-------------------------------

Isologous genomic DNA for mouse NF-M was isolated from a 129 Sv/Ev mouse genomic library prepared in λ Dash. Screening was performed with a 1,600-bp EcoRI--HindIII fragment containing the third exon of mouse NF-M ([@B22]). This probe was derived from an NF-M genomic clone λ18b (gift from P. Shneidman and W. Schlaeffer, University of Pennsylvania, Philadelphia, PA). An 11-kb clone was isolated. Restriction mapping confirmed that this clone was similar to the known structure of the mouse NF-M gene.

Targeting vectors were designed to use the positive and negative selection procedure described by Mansour et al. ([@B23]). A map of the relevant portion of the NF-M gene and the targeting strategy is shown in Fig. [1](#F1){ref-type="fig"}. The neomycin (Neo) resistance gene linked to the phosphoglycerol kinase-1 (PGK) promoter (540 bp) and PGK 3′ nontranslated sequence was derived from the plasmid pGEM7 (KJ1)Sal and the Herpes virus thymidine kinase gene also driven by the PGK promoter was derived from the plasmid pGEM 7 (TK) SalI (both provided by R. Jaenisch, Whitehead Institute, Cambridge, MA).

Transfection and Screening of ES Cells
--------------------------------------

Electroporations were performed in the R1 cell line ([@B28]). Embryonic stem (ES) cells were maintained in DME (4,500 mg/ml glucose) supplemented with 15% fetal calf serum, 0.1 mM β-mercaptoethanol, 1 mM sodium pyruvate, 40 μg/ml gentamicin, and 1,000 units/ml LIF (GIBCO BRL, Gaithersburg, MD). Cells were split within 24 h of electroporation. Targeting vectors were linearized, extracted with phenol/chloroform, ethanol precipitated, and dissolved in sterile H~2~O. 20 μg of plasmid DNA was electroporated into 10^7^ ES cells with a BioRad Gene Pulser at 125 μF and 400 V at room temperature. 2 × 10^6^ cells were plated per 100-mm dish in a nonselective media for 2 d and then selected in 150 μg/ml G418 (GIBCO BRL) plus 2 μM ganciclovir (Syntex Research, Palo Alto, CA). Neo-resistant colonies were isolated after 10--14 d. Colonies were initially picked onto feeder layers of mitomycin C--treated mouse embryonic fibroblasts in 96-well microtiter plates. Embryonic fibroblasts were prepared from mid-gestation BALB/c mice as described in Robertson ([@B36]). Duplicate 96-well plates were initially established. One plate was frozen as described in Wurst and Joyner ([@B42]) until screening results were known. The second was expanded into 24-well plates without feeder layers and DNA was prepared ([@B42]). Potentially targeted clones were screened by Southern blotting as described in Fig. [1](#F1){ref-type="fig"}.

Generation of Chimeric Mice
---------------------------

Chimeras were generated essentially as described by Bradley ([@B2]). ES cells were injected into the blastocoele cavity of C57Bl/6 blastocysts at day 3.5 post coitum and blastocysts were reimplanted into the uteri of pseudopregnant Swiss-Webster recipients at day 2.5 post coitum. Chimeras were identified on the basis of agouti coat pigmentation. A male chimera was bred with a C57Bl/6 female. Offspring from this mating were subsequently bred with 129 Sv/J or Swiss-Webster females.

RNA Analysis
------------

RNase protection assays with probes for mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH), β-actin, NF-L, and exon 3 of mouse NF-M were performed as previously described ([@B7], [@B39]) using uniformly labeled RNA probes synthesized with T3 or T7 RNA polymerase and 100 μCi of α-\[^32^P\]UTP. A probe for exon 1 of mouse NF-M was generated by PCR amplification of a 150-bp segment of exon 1 ([@B22]) with primers 5′ GGCAACCCGTCCGCCTACCG 3′ and 5′ GGACCGCGCTGCGCGTGTAGG 3′. The PCR product was cloned into the TA cloning vector pCRII (CLONTECH Laboratories, Inc., Palo Alto, CA) and subsequently recloned as a HindIII--XhoI fragment into the plasmid pBluescript II SK+ (Stratagene, La Jolla, CA). The final template was linearized with HindIII and probes were synthesized with T7 RNA polymerase. After overnight hybridization at 45°C with 10 μg of total cellular RNA, samples were digested with RNase A (80 μg/ml; Sigma Chemical Co., St. Louis, MO) and RNase T1 (700 units/ml; Boehringer-Mannheim Corp., Indianapolis, IN) for 1 h at 30°C and then digested with proteinase K (125 μg/ml), phenol/chloroform extracted, and ethanol precipitated. Protected fragments were separated as double-stranded RNA on 6% native polyacrylamide gels. After gel electrophoresis protected fragments were localized by autoradiography.

Quantitative RNase protection assays for mouse NF-L were performed as described in Tu et al. ([@B39]). Each reaction contained 5 μg brain RNA and 5 μg tRNA. Quantitation was done by densitometry. To ensure linearity, a set of RNA standards containing 0--10 μg wild-type brain RNA supplemented with tRNA as needed to give 10 μg in each sample was run in all experiments. NF-L levels were normalized to the expression of β-actin.

Quantitative Western Blot Analysis
----------------------------------

Quantitative Western blots were performed as previously described with minor modifications ([@B39]). In brief, tissue was homogenized, sonicated in BUST buffer (50 mM Tris-HCl, pH 7.4, 8 M urea, 2% β-mercaptoethanol and 0.5% SDS), and centrifuged at 40 × 10^3^ rpm, at 25°C for 30 min in a TL-100 ultracentrifuge (Beckman Instruments, Inc., Fullerton, CA). Protein concentrations in the supernatants were determined using the Coomassie protein assay method (Pierce Chemical Co., Rockford, IL) according to the manufacturer\'s instructions. Each sample was loaded in triplicate and each lane contained 40 μg of total protein from neocortex or hippocampus or 10 μg of total protein from spinal cord, brainstem, or sciatic nerve. Blots were cut into three parts. The top third was incubated overnight with RM024 for detection of NFHP+++ level or RMdO9 for NFHP− level; the middle third was incubated with RM0189 for total NFM level, or RM055 for NFMP+++; and the lower third, was incubated with a rabbit anti-NFL polyclonal antiserum for total NFL or a mouse mAb anti--β-tubulin (Amersham Pharmacia Biotech Inc., Piscataway, NJ) for tubulin levels. Each part was then incubated for 1 h with 10 μCi ^125^I-conjugated goat anti--mouse IgG for the mouse mAbs (RM024, RM055, RM0189, and anti--β-tubulin) or ^125^I-conjugated Protein A for the rabbit anti-NFL polyclonal antisera. The dried blots were exposed to PhosphorImager plates for various time periods and individual bands were visualized and quantified with ImageQuant software (Molecular Dynamics, Inc., Sunnyvale, CA). Western blotting to detect NH~2~-terminal epitopes of NF-M was performed with a polyclonal antiserum raised against the NF-M head domain ([@B18]).

Electron Microscopy
-------------------

Mice were anesthetized and fixed by vascular perfusion with a solution containing 2% formaldehyde (from paraformaldehyde), 1% glutaraldehyde, and 0.12 M sodium phosphate buffer, pH 7.4. The brain, spinal cord, optic nerves, sciatic nerve, and L5 lumbar roots were dissected out, postfixed in buffered osmium tetroxide, and embedded in Epon by routine methods ([@B10]). Thin sections were examined using a JEOL 100CX electron microscope.

To count neurofilaments and microtubules, cross-sections of axons were photographed at a magnification of 20,000 and then enlarged an additional two and one-half fold during printing. NF densities were determined using methods similar to those described by Price et al. ([@B35]) by laying a template of hexagons on each print. Hexagons had 11-mm sides, equivalent to an actual print area of 0.10 μm^2^. NFs in all hexagons that fell completely within axonal borders were counted. Hexagons were excluded only if vesicular organelles filled more than ∼10% of the hexagon. Nearest neighbor distances were computed from the x/y coordinates of NFs in representative electron micrographic prints.

Measurement of Axonal Diameters
-------------------------------

For measuring axonal diameters, 1-μm thick transverse sections of L5 ventral root, sciatic nerve, or spinal cord were stained with toluidine blue and photographed through a Zeiss Axiophot microscope with a 10× or 20× objective. 2 × 2 slide images were scanned into the program Adobe Photoshop 3.05 using a Kodak 35 mm rapid film scanner. Images were enlarged three- to fourfold and printed. Optimal brightness and gray scale pixel values were adjusted so as to provide the sharpest discrimination of the myelin/axon border. Axon profiles were traced in nonoverlapping contiguous fields using a digitizing tablet. The area of myelinated axons was then measured using the program NIH-Image and axons were assumed to be circular for purposes of diameter calculations. In measuring the sciatic nerves, all myelinated axons in the largest trunk of the nerve were numbered and every fifth axon was sampled chosen by a set of random numbers. In optic nerve, random fields were photographed in the electron microscope at a magnification of 4,800 and then enlarged an additional two and one-half fold during printing. Every third myelinated axon was sampled in five randomly chosen fields. Statistical analysis (unpaired *t* test or Mann-Whitney U test) was performed using the program StatView (Abacus Concepts, Inc., Berkeley, CA).

Results {#Results}
=======

Production of Mice Bearing a Null Mutation in the NF-M Subunit
--------------------------------------------------------------

The targeting strategy for generating NF-M null mutant mice is illustrated in Fig. [1](#F1){ref-type="fig"}. Lines were established by breeding a male chimera with C57Bl/6 females. Male heterozygotes from these matings were subsequently bred with 129 Sv/J or Swiss-Webster females. On all genetic backgrounds the mutant allele was transmitted in a Mendelian fashion. We have studied animals both on a mixed 129/C57Bl background and 129/C57Bl hybrids bred to outbred Swiss-Webster mice. We have not detected any qualitative effects of genetic background on the phenotype of NF-M null mutation.

RNase protection assays with probes either 5′ (exon 1) or 3′ (exon 3) to the neomycin resistance gene (Fig. [1](#F1){ref-type="fig"}, *C* and *D*) revealed that no NF-M mRNA could be detected in the NF-M homozygous null mutants. Western blotting (see Figs. [1](#F1){ref-type="fig"} *E*, [2](#F2){ref-type="fig"}, and [4](#F4){ref-type="fig"}) confirmed the absence of NF-M protein in the null mutant. We were also unable to detect NF-M protein in sections of brain from NF-M homozygous animals stained immunocytochemically with monoclonal anti--NF-M antibodies even though in sections double labeled with a polyclonal anti NF-L antisera, NF-L staining was present (data not shown).

NF-L Levels Are Decreased and NF-H Levels Are Increased in the NF-M Null Mutant
-------------------------------------------------------------------------------

Since rodent NFs are obligate heteropolymers ([@B5], [@B20]) and are assembled into filaments with a defined stoichiometry in vivo, we determined how the lack of NF-M expression would affect levels of the other NF subunits by Western blotting. Representative Western blots of neocortex and spinal cord of NF-M null, heterozygous, and control mice are shown in Fig. [2](#F2){ref-type="fig"}. Quantitations (see Table [I](#TI){ref-type="table"}) showed that the immunoreactivities of both the phosphorylation-independent (NFMPi) and highly phosphorylation dependent (NFMP+++) epitopes of NF-M decreased in the neocortices of heterozygous mice and were undetectable in the NF-M null mice. Both NFMPi and NFMP+++ decreased in the heterozygous mice by ∼40%. Thus, the decreases in NF-M immunoreactivities were not affected by the phosphorylation state of NF-M suggesting that these decreases result from reduced levels of total NF-M rather than a change in the phosphorylation state.

Interestingly, a concomitant decrease in the level of NF-L was also detected in the NF-M heterozygous and NF-M null mice. Quantitations (see Fig. [2](#F2){ref-type="fig"} and Table [I](#TI){ref-type="table"}) showed that the extent of decrease in NF-L levels were comparable to those of NF-M. For example in neocortex, the level of NF-L decreased in NF-M heterozygous mice by ∼50%, similar to the decrease in NF-M. Furthermore, in neocortex, the NF-M null mice that lacked all NF-M protein contained only 13% of the level of NF-L found in control mice. Dramatic decreases in NF-L were also observed in other regions including spinal cord (see Fig. [2](#F2){ref-type="fig"} and Table [I](#TI){ref-type="table"}), hippocampus, brainstem, and cerebellum (data not shown). These data are consistent with our previous observations that NF-M levels regulate the level of NF-L protein to maintain the relative stoichiometry between NF subunits ([@B39]).

By contrast, immunoreactivities of antibodies to the heavily phosphorylated (NFHP+++) and nonphosphorylated (NFHP−) epitopes of NF-H increased in the neocortices of both NF-M heterozygous and null mice (Fig. [2](#F2){ref-type="fig"}). Quantitations (Table [I](#TI){ref-type="table"}) showed that the levels of NF-H in neocortex increased 20--50% in both the NF-M heterozygous and NF-M null mice. An increase in the level of NF-M has been shown to downregulate the phosphorylation state of NF-H by ∼20% ([@B39]). Thus, the increases in NF-H levels in the NF-M mutants are likely to be due, at least in part, to the changes in NF-M levels although a secondary effect of altered NF-L levels on NF-H is also possible. Interestingly, unlike neocortex, NF-H was not increased in spinal cord (Fig. [2](#F2){ref-type="fig"} and Table [I](#TI){ref-type="table"}). This is consistent with our previous observation that overexpression of human NF-M in transgenic mice does not affect NF-H levels in spinal cord ([@B39]). Taken together, these data clearly demonstrate that expression of NF-L and NF-M is coordinately regulated in many CNS regions and that levels of NF-M and NF-H are coregulated in an inverse manner in neocortex but not in spinal cord. As shown in Fig. [2](#F2){ref-type="fig"} and Table [I](#TI){ref-type="table"}, the level of β-tubulin in brain and spinal cord was not affected by the changes in NF subunits in the NF-M heterozygous and null mice, remaining comparable to that of control mice.

Previously, when human NF-M was overexpressed in transgenic mice, the change in NF-L protein level appeared to reflect changes in posttranscriptional regulation since no change in NF-L mRNA levels occurred ([@B39]). To quantitate NF-L mRNA levels in the NF-M null animals we performed quantitative RNase protection assays as previously described ([@B39]). As in the overexpression experiments reported earlier, mRNA levels for NF-L were unchanged in the null mutant (Fig. [3](#F3){ref-type="fig"}) implying that NF-L protein levels are being regulated posttranscriptionally.

Diminished Axonal Diameters in NF-M Null Mutant Mice
----------------------------------------------------

A role for NFs in establishing axonal diameter has long been suspected from the correlation between NF content in axonal cross sections and axonal caliber ([@B16]). This view has been reinforced by several recent animal models that have shown that radial growth of myelinated axons is severely inhibited in axons lacking all NFs ([@B8], [@B31], [@B44], [@B45]). To examine the effects of the NF-M null mutation on axonal development, we measured axon sizes in PNS (L5 ventral root and sciatic nerve) and CNS (spinal cord and optic nerve) structures.

Toluidine blue--stained sections of L5 ventral roots from a 4-mo-old control and null mutant are shown in Fig. [4](#F4){ref-type="fig"} *A*. Myelinated axons appeared generally smaller in the mutant roots with the largest diameter fibers in the mutant failing to reach a caliber similar to the largest axons in control. Morphometric analysis, measuring the area of every myelinated axon within the L5 ventral root confirmed this initial impression (Fig. [4](#F4){ref-type="fig"} *B*). Average axonal diameter was decreased from 4.9 ± 2.5 (SD) μm in wild type to 3.9 ± 1.6 μm in the NF-M mutant (*P* \< 0.0001, Mann-Whitney U test). Examination of the frequency distribution of axonal diameters in control and mutant roots (Fig. [4](#F4){ref-type="fig"} *B*) revealed that \>28% of myelinated axons in wild-type roots were \>6.5 μm compared with only 6.4% in the null mutant (*P* = 0.028, unpaired *t* test). Only rare axons in the mutant reached diameters \>8 μm even though \>9.0% fell into this class in wild-type roots. The loss of large diameter myelinated axons was accompanied by a shift towards medium and small diameter fibers. Although the number of myelinated axons was slightly reduced from 697 ± 42 in wild-type animals to 630 ± 66 in NF-M null mutants, the decrease was not statistically significant (*P* = 0.4111 unpaired *t* test). Thus, the decreased size of the mutant L5 root appears to be primarily the result of a general reduction in size of all myelinated axons.

Equally dramatic changes were seen in a morphometric analysis of axonal diameters in sciatic nerves from NF-M mutant and control animals (Fig. [4](#F4){ref-type="fig"} *C*). Average diameters in the proximal segment of the nerve decreased from 7.2 ± 2.2 (SD) μm in wild type to 5.5 ± 1.2 μm in NF-M null mutants (*P* \< 0.0001, Mann-Whitney U test). As in the L5 roots, axonal diameters in sciatic nerve were shifted towards small and medium sized axons and no axons \>9.0 μm in diameter were found in the null mutant.

As shown in Fig. [4](#F4){ref-type="fig"}, *D* and *E*, neither ventral root nor sciatic nerve contained detectable amounts of NF-M protein, whereas levels of NF-L were reduced by ∼50% and levels of tubulin appeared increased. The latter observation is consistent with the relatively increased numbers of microtubules found in axons in the L5 roots (see below).

To determine whether CNS axons were also effected we examined axon sizes in the spinal cord. We measured all axons \>5 μm in diameter in a 1.9 × 10^5^ μm^2^ area of the ventral medial portion of the third cervical cord segment (Fig. [5](#F5){ref-type="fig"} *B*). This region was chosen since comparable areas could be easily identified in different animals and because this region contains many large axons. As shown in Fig. [5](#F5){ref-type="fig"} *A*, axons in this region were significantly smaller in the null mutant than in control (*P* \< 0.0001, Mann-Whitney U test). Lost large diameter axons (\>8 μm) appeared to have been replaced by medium diameter fibers (5--8 μm) in the NF-M null mutant.

Thus, the NF-M null mutation appears to reduce the diameter of myelinated axons in both PNS and CNS. However, since the regions examined (L5 ventral root, sciatic nerve, spinal cord) contain mainly medium and large sized axons it was less clear if the mutation was effecting all sizes of myelinated axons. To determine the effects of the mutation on smaller caliber axons we measured axon sizes in the optic nerves, an area of the CNS containing relatively small myelinated axons nearly all \<2 μm in diameter. In electron micrographs of optic nerve, myelinated axons were visibly smaller in the NF-M null mutant than control animals (Fig. [6](#F6){ref-type="fig"}, *A* and *B*). Average diameters decreased from 1.16 ± 0.42 μm in wild type to 0.93 ± 0.29 μm in NF-M null mutants (*P* \< 0.0001, Mann-Whitney U test). As in the other regions examined axonal diameters were shifted towards smaller diameter fibers in the mutant (Fig. [6](#F6){ref-type="fig"} *C*). Thus, the NF-M subunit appears to be required to achieve maximal axonal diameter in all size classes of myelinated axons in both the CNS and PNS.

Reduced Neurofilament Content in Mice Lacking an NF-M Subunit
-------------------------------------------------------------

It remains unclear how NFs contribute to the specification of axonal diameter. One popular idea for the role of the larger NF subunits has been that the phosphorylated tail domains of NF-M and NF-H determine interfilament distance and that spacing between filaments in turn specifies axonal diameter ([@B4], [@B24]). If so, then loss of NF-M from NF sidearms should result in more tightly packed NFs and the NF-M null mutant should require more NFs than wild type to produce an axon of equivalent diameter.

To look for an ultrastructural basis for the diminution of axonal diameters in the null mutant we examined electron micrographs of L5 ventral roots from mutant and control animals. NFs were readily apparent in both the null mutant and control (Fig. [7](#F7){ref-type="fig"}). However, filaments in the mutant animal appeared to be reduced in number although otherwise of normal configuration in both transverse and longitudinal sections (Fig. [7](#F7){ref-type="fig"}). Microtubules also appeared to be normal in appearance, although in many axons their numbers seemed to be increased.

To determine if NF content was actually altered in the null mutants, NFs were counted in the internodal regions of axons over a range of sizes and NF counts were plotted against axonal area. As shown in Fig. [8](#F8){ref-type="fig"} *A*, axons in the null mutant consistently contained fewer NFs than comparably sized axons in controls. By contrast, these same axons contained more microtubules (Fig. [8](#F8){ref-type="fig"}, *C* and *D*) increasing the average ratio of microtubules to NFs from 0.22 ± 0.8 (SD) in wild type to 0.83 ± 0.41 in the mutant axons (*P* \< 0.0001, Mann-Whitney U test).

Since axons in the null mutant contain fewer NFs, NF densities in the mutant should also be decreased. We measured NF densities in mutant and wild-type axons using methods similar to those described by Price et al. ([@B35]). NFs densities were determined by applying a template of hexagons (every hexagon equivalent to an area of 0.10 μm^2^) over each electron micrograph and counting the number of NFs in each hexagon. A frequency distribution plot was then generated showing the number of NFs per hexagon (Fig. [8](#F8){ref-type="fig"} *B*). The average number of NFs per hexagon was reduced from 17.4 ± 5.8 (SD) in control axons to 7.5 ± 4.1 in the mutant (*P* \< 0.0001, unpaired *t* test) and as shown in Fig. [7](#F7){ref-type="fig"} *C* the frequency distribution was dramatically shifted in the mutant towards hexagons containing fewer NFs, demonstrating that NFs are less densely packed in the NF-M mutant.

To determine the effect of the reduced NF density on interfilament spacing in the mutant we measured nearest neighbor distances in these same axons (Fig. [9](#F9){ref-type="fig"}). Mean interfilament distances increased from 46 ± 17 (SD) nm in control to 62 ± 33 in the mutant (*P* \< 0.0001, Mann-Whitney U test) although the modal interfilament distance was identical between mutant and control (47 nm). Indeed an analysis of those filaments with nearest neighbors of 60 nm or less revealed that interfilament spacing in the mutant (43 ± 10) was little changed from control (41 ± 10, *P* \< 0.0001). Thus, although average interfilament distances were increased (as would be expected due to the decreased filament number) when filaments are closely spaced in the mutant they assume an interfilament distance that is similar to wild type.

Taken together these data are not consistent with the prediction that axons in mutant animals would require more NFs, packed at a closer density in order to produce axons of comparable size to wild type. However, these findings are consistent with suggestions that levels of NF-L determine the number of NFs ([@B25], [@B30]).

Lack of Overt Phenotype or Major Structural Defects in Mice Carrying a Disrupted NF-M Gene
------------------------------------------------------------------------------------------

No overt phenotype was associated with a null mutation in the NF-M gene. Animals appeared normal at birth and were indistinguishable from littermates. 4-mo-old mutant animals appeared the same size as littermates. Both male and female homozygous mutants were fertile. No striking behavioral changes were apparent and null mutants appeared to have normal motor strength and coordination. NF-M^−/−^ animals have shown no obvious health problems up to one year of age.

A comparison by light microscopy of coronal sections of the brain from 4-mo-old mutant and wild-type animals revealed no obvious differences between null mutants and wild-type animals. Both cortical and subcortical structures appeared normal. In particular large neurons such as the Purkinje cells of the cerebellum and anterior horn cells in the spinal cord that contain large numbers of NFs appeared to have developed normally.

Discussion {#Discussion}
==========

The highly conserved nature of NF proteins suggests that NFs serve some important developmental function. Suggestions for the in vivo function of NF-L has come from a Japanese quail (Quiverer) with a spontaneous mutation in the NF-L gene ([@B31]) and a recent targeted disruption of the gene in mice ([@B45]). In the homozygous state, the Quiverer quail contains no axonal NFs and the radial growth of myelinated axons is severely attenuated. Mice with a targeted disruption of the NF-L gene ([@B45]) also lack axonal NFs and, although they exhibit no behavioral phenotype, have diminished axonal calibers, and delayed maturation of regenerating myelinated axons. The absence of axonal NFs with both mutations is consistent with suggestions that at least in some species NFs are obligate heteropolymers ([@B5], [@B20]) requiring the presence of NF-L plus either NF-M or NF-H if filaments are to form at all. Thus, both the Quiverer quail and the NF-L knockout show that in these species NF-L is required for NF formation. However, these mutants cannot address the functional roles of the larger subunits NF-M (the subject of the present paper) or NF-H since no filaments are formed.

This study demonstrates the dominant role that NF-M levels play in regulating the levels of NF-L protein. An NF-M null mutation resulted in ∼40% less NF-L in heterozygotes and an 80--90% reduction in homozygotes. These findings are consistent with our previous observations that overexpression of human NF-M in transgenic mice increases levels of mouse NF-L protein ([@B39]).

How NF-M regulates NF-L levels remains unclear although the effects must be mediated post-transcriptionally since NF-L mRNA levels are little if at all changed by either overexpression ([@B39]) or underexpression of NF-M (this paper). It is interesting that although NF-L protein was reduced to 10--20% of wild type in brain and spinal cord, levels were reduced by only 50% in the sciatic nerves and lumbar roots. The concomitant 50% reduction in filaments in the lumbar roots suggests that NF-L protein that reaches the axon is incorporated into stable filaments. Conversely in the perikarya NF-L mRNA may be either less translated or NF-L protein in excess of that which can be incorporated into filaments degraded.

The effects of alterations in NF-M on the levels of NF-H and the extent of its phosphorylation are more complex. NF-H levels either increased or remained unchanged depending on the region of the nervous system sampled. In neocortex, a 20--50% increase in the phosphorylation state of NF-H accompanied the decrease in NF-M protein levels. This observation complements our previous finding that overexpression of NF-M reduces the levels of highly phosphorylated NF-H by 25% ([@B39]). Collectively, these data demonstrate that in the neocortex, the levels of NF-M and NF-H as well as their phosphorylation state are coregulated. However, the change in NF-M levels does not seem to affect the level of NF-H nor its phosphorylation state in the spinal cord in transgenic mice overexpressing NF-M ([@B39]) or in the NF-M knockout mice described here. This suggests that NF-M and NF-H are not coregulated in the spinal cord. The mechanism responsible for the differential effects of NF-M on the levels of NF-H in different brain regions is unknown. One possible explanation could be different ratios of large versus small caliber axons in these two brain regions. Since NF-H serves as a better spacer between individual NFs to maintain axonal caliber than NF-M, NF-H is highly enriched in large diameter axons. Our data suggest that in the spinal cord, NF-H may have reached maximum levels whereas in neocortex, the levels of NF-H may be submaximal and this could reflect the relative abundance of small versus large axons in these two regions. Thus, any alteration in the levels of NF-M in the neocortex may produce compensatory changes in NF-H but may have no effect in the spinal cord.

The only obvious structural effect of the NF-M null mutation was to decrease the diameter of myelinated axons in both the CNS and PNS. In each region examined, reduced numbers of relatively large diameter axons were accompanied by increased numbers of small- and medium-sized fibers. This shift, along with the observation that axon numbers were not significantly altered in the mutant, argues that the mutation is limiting the radial growth of all myelinated axons rather than causing a class of large diameter axons to fail to develop.

How NFs contribute to controlling axonal diameter remains unclear. Two different theories have been proposed previously to explain how NFs regulate axonal caliber. One popular notion for the role of the larger NF subunits has been that the tail domains of NF-M and/or NF-H form cross-bridges or cross-linkers that determine interfilament distance and that spacing between filaments in turn specifies axonal diameter ([@B11]). A second theory suggests that the highly charged phosphate groups on NF-H, and to a lesser extent NF-M, tend to repel rather than mediate a cohesive interaction ([@B4], [@B24]). Thus, in this model an increase in NF-M or NF-H phosphorylation serves a space-filling function by increasing the repulsion of adjacent filaments through their negatively charged sidearms.

The results presented here could be interpreted as supporting the latter model since the packing density of NFs in axons of the null mutant are much lower than those of control animals. In this interpretation NFs in the mutant would be moving further away from each other as more space becomes available in axons of the null mutant. Such expansion would suggest that NF sidearms do not form rigid cross-bridges or cross-linkers as proposed by the first model. However, it is interesting that filaments in the mutant most frequently occur 47 nm from their nearest neighbor (the modal distance) identical to that found in control. Additionally an analysis of those filaments with nearest neighbors of 60 nm or less revealed that interfilament spacing in the mutant (43 nm) was little changed from control (41 nm). Thus, when filaments are closely spaced in the mutant they assume an interfilament distance that is similar to wild type arguing that associative interactions (as suggested by the first model) may be occurring between filaments.

It is also difficult to reconcile a charge repulsion model with the surprising observation that axons in the NF-M null mutant contain fewer filaments than comparably sized axons in the wild type. A charge repulsion model would predict that loss of NF-M from sidearms should have resulted in more tightly packed NFs in the NF-M null mutant with the mutant requiring more NFs than wild type to produce an axon of equivalent diameter. However, axons in NF-M null mutant contain less than half the filaments found in comparably sized axons in the wild type. Even if interfilament distances are mainly set by NF-H, the predicted effect should still have been that an axon in the NF-M null mutant would have the same number of filaments as a comparably sized axon in the control. Thus, it seems unlikely that any current model can adequately explain the relationship between NF number and axonal diameter, a relationship itself which may be more complex than previously believed.

These same axons did contain a slightly increased ratio of microtubules to NFs. A similar change also occurs in the Quiverer quail ([@B44]), in mice with a targeted mutation of the NF-L gene ([@B45]), and the NF-H β-galactosidase transgenic mice ([@B8]), suggesting that increases in microtubules may be a general response to decreased numbers of NFs. The relative roles of microtubules and NFs in determining axonal diameter has been long discussed ([@B19]). In large caliber axons, microtubule content does not correlate with axonal diameter as closely as does NF content ([@B9], [@B14]). Microtubules likely have more significance in maintaining the diameter of medium- and small-sized axons where they are the major cytoskeletal component. Thus, the shift in the NF-M null mutant from large to medium and small-caliber axons as a result of a decrease in axonal NFs suggests that increased microtubules may partially compensate to maintain caliber.

Despite the loss of all NF-M protein and 90% of NF-L, the null mutants lacked any overt behavioral phenotype consistent with other studies ([@B8], [@B31], [@B45]) showing that NF proteins are not essential for survival. It is interesting to note that large neurons (e.g., the Purkinje cells of the cerebellum and anterior horn cells in the spinal cord) that contain large numbers of NFs developed normally. This is perhaps not surprising since during the initial phases of axonal elongation, NFs are minor components of the cytoskeleton ([@B1], [@B34]). Only as axons reach their targets and their diameters increase do NFs accumulate in numbers. It is during this second phase, referred to as radial growth, that NFs become the most abundant cytoskeletal element, exceeding microtubules in number by up to an order of magnitude in large axons ([@B9]).

It remains unclear whether the generally reduced sizes of myelinated axons will have other functional consequences. A decrease in axonal caliber has been shown to reduce the rate of nerve conduction velocity in the Quiverer quails ([@B37]). A similar reduction in nerve conduction velocity is expected to occur in our NF-M null mice. The reduced NF content might result in destabilization of axons with aging resulting in altered axonal transport and dying back of the axon. Finally, insights into the mechanisms that coregulate NF subunit synthesis and phosphorylation are likely to lead to further clarification of the normal function of NFs as well as their role in neurodegenerative diseases.
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:   central nervous system

ES

:   embryonic stem
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:   intermediate filament

Neo
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:   light neurofilament
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:   mid-sized neurofilament

NF

:   neurofilament
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PNS
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Targeted disruption of the mouse NF-M gene. (*A*) Targeting strategy for disruption of the mouse NF-M gene. The structure of the endogenous mouse NF-M is shown in the top line. Exons are indicated by open boxes. A targeting vector designed to use positive and negative selection ([@B23]) is shown in the center line. A PGK/Neo resistance gene was cloned in an anti-sense orientation and replaces an ∼800-bp SacI--EcoRI fragment that includes the last 93 bp of exon 1 and most of intron 1. It contains 2 kb of 5′ and 1.5 kb of 3′ homologous sequence and was linearized with HindIII. A map of the targeted recombinant gene is shown in the bottom line of the panel. The overall targeting frequency was ∼1 in 150 clones. (*B*) Southern blot of DNA from mice with disrupted NF-M alleles. A Southern blot of tail DNA from offspring of a heterozygous/heterozygous mating is shown. Blotting was performed with the downstream HindIII probe indicated in *A*. Successful targeting converts a wild-type (*WT*) 7.2-kb BamHI fragment to a 5.5-kb mutant (*M*) band. Examples of wild-type (+/+), heterozygous (+/−), and null mutant animals (−/−) are indicated. In subsequent crosses mutant and wild-type NF-M alleles were also identified by PCR using primers (indicated by arrows in *A*) P1 (5′ ATCCAGGCGTCGCACATCACGGTA 3′) and P2 (5′ CTGCCGTTCCAGGGACTCCTTAGT 3′) derived from the wild-type NF-M gene and P3 (5′ GTTCTAAGTACTGTGGTTTCC 3′) derived from the PGK 3′ nontranslated region. (*C* and *D*) RNA analysis of mutant animals. In *C* an RNase protection assay was performed with 25,000 CPM of an exon 3 murine NF-M probe (3′ to the neomycin resistance gene) and 5,000 CPM of a GAPDH probe. Protected fragments were separated as double-stranded RNA on a 6% native polyacrylamide gel. Positions of the 240-bp GAPDH and 129-bp NF-M protected fragments are indicated. Lanes were hybridized with 10 μg of tRNA (lane *1*) or with 10 μg of total brain RNA from an unrelated wild-type mouse (lane *2*), a homozygous mutant (−/−, lane *3*), and heterozygous (+/−, lane *4*) or wild-type (+/+, lane *5*) littermates. In *D* an RNase protection assay was performed with 25,000 CPM of an exon 1 murine NF-M probe (5′ to the neomycin resistance gene) and 25,000 CPM of a murine β-actin probe. Positions of the 65-bp actin and 150-bp NF-M protected fragments are indicated. Lanes were hybridized with 10 μg of tRNA (lane *1*) or with 10 μg of total brain RNA from a homozygous mutant (−/−, lane *2*) or wild-type (+/+, lane *3*) animal. (*E*) No detection of NF-M protein in NF-M null mice. Western blotting was performed with a polyclonal rabbit antiserum (NFM-N) raised against the head domain of NF-M ([@B18]). No full-length or truncated NF-M protein could be detected in the spinal cord of NF-M^−/−^ mice. Lower molecular weight bands in the wild-type (+/+) lane likely reflect degradation products.
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![Quantitative Western blots of neocortex and spinal cord of NF-M heterozygous (+/−), NF-M null (−/−), and wild-type mice (+/+). Each sample was loaded in triplicate. The NF-M immunoreactivities are decreased in both neocortex and spinal cord of the heterozygous mice and are undetectable in the null mice. A concomitant decrease in NF-L is also observed in both neocortex and spinal cord of the heterozygous and null mice. The NF-H signals increase in the neocortex of both heterozygous and null mice but not in the spinal cord. NFHP− is measured with RMdO9, a mAb against poorly or nonphosphorylated NF-H epitopes; NFHP+++, with RM024 a mAb specific for highly phosphorylated epitopes; NF-M, with RM0189, a mAb against the rod domain of NF-M; NF-L, with a polyclonal rabbit anti-NFL antiserum; TUB, with a mAb specific for β-tubulin. All animals were 3 mo old.](JCB15164.f2){#F2}

![Axon calibers in L5 ventral roots from wild-type and NF-M null mutant animals. (*A*) Light microscopy of toluidine blue--stained L5 ventral roots from a 4-mo-old wild-type and NF-M null mutant mouse. Note the reduced size of the NF-M mutant (−/−) root as well as the absence in the mutant of axons with calibers comparable to the largest present in the control. (*B*) Diameters of all myelinated axons were measured in L5 roots (*n* = 4 wild type, *n* = 3 mutant). Note the marked reduction of axons \>8 μm in diameter in the mutant accompanied by an increase in smaller diameter fibers. (*C*) Axon diameters were measured in the sciatic nerve of a 4-mo-old wild-type and mutant animal. Quantitation was performed by sampling every fifth myelinated axon in the largest trunk of a proximal portion of the nerve. Data is presented for all axons \>2 μm in diameter (*n* = 374, wild type, 313 NF-M^−/−^). Note the absence of any axons \>9.0 μm in diameter in the null mutant accompanied by a shift towards smaller diameter fibers. (*D* and *E*) Western blots of neurofilament content in the ventral roots (*D*) and sciatic nerves (*E*) of 4-mo-old wild-type and NF-M null mice. In *D* the total protein recovered from one L5 ventral root was loaded per lane. For sciatic nerve (*E*) 10 μg of total protein per lane was loaded for neurofilament studies and 50 μg of total protein per lane was used for β-tubulin immunoreactivity. NF-M was not detected in the null mouse. The level of NF-L protein decreased by ∼50% in both the ventral roots and sciatic nerve in the null mutant animal. An increase in the level of β-tubulin immunoreactivity was observed in both nerves in the NF-M null mouse.](JCB15164.f4){#F4}
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Summary of Quantitative Western Blot Analysis of NF-M Heterozygous and Null Mutant Animals

               Cortex           Spinal Cord                        
  --------- -- ------------- -- -------------- -- ------------- -- -------------
  NFHP−        1.26 ± 0.13      1.00 ± 0.12       0.90 ± 0.07      0.92 ± 0.06
  NFHP+++      1.62 ± 0.21      1.40 ± 0.23       1.06 ± 0.15      0.90 ± 0.14
  NFMPi        0.64 ± 0.02      −                 0.58 ± 0.04      −
  NFMP+++      0.62 ± 0.04      −                 0.58 ± 0.07      −
  NFL          0.47 ± 0.02      0.13 ± 0.006      0.67 ± 0.07      0.23 ± 0.02
  Tubulin      0.93 ± 0.04      0.91 ± 0.06       0.97 ± 0.09      0.88 ± 0.11

Three pairs of 3-mo-old wild-type, heterozygous, or null mutant animals were analyzed in quantitative Western blots as shown in Fig. [2](#F2){ref-type="fig"}. Each value represents the average ± SEM of nine observations from three separate experiments on each animal. Data is presented as a ratio of heterozygous (Hetero) or null mutants relative to wild type (WT). NFHP− was measured with RMdO9, a mAb against poorly or nonphosphorylated NF-H epitopes; NFHP+++ with RM024, a mAb specific for highly phosphorylated epitopes of NF-H; NFMPi with RM0189, a mAb against the rod domain of NF-M; NFMP+++ with RMO55, a mAb specific for highly phosphorylated epitopes of NF-M; NFL with a polyclonal rabbit anti-NF-L antiserum; tubulin with a mAb specific for β-tubulin.  
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NF-L mRNA levels in NF-M null mutant animals. (*A*) Quantitative RNase protection assays were performed on total brain RNA from two wild-type and two NF-M^−/−^ animals each 2 mo old. NF-L levels were normalized to the expression of β-actin. Data from three independent determinations for each sample is shown. Results are presented as arbitrary units with wild-type NF-L levels set as 100. NF-L levels in wild type were 100 ± 6 (SEM) and in NF-M^−/−^ animals 111 ± 11 (*P* = 0.35, unpaired *t* test). (*B*) A sample RNase protection assay is shown. 5 μg of total brain RNA from a wild-type (lane *1*) or NF-M null mutant (lane *2*) were hybridized with 20,000 cpm of a mouse NF-L probe and 10,000 cpm of a murine β-actin probe. Protected fragments were separated as double stranded RNA on a 6% native polyacrylamide gel. Positions of the NF-L and actin bands are indicated.
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![Axonal calibers in ventral spinal cord of wild-type and NF-M mutant mice. (*A*) Axon sizes were measured in a 1.9 × 10^5^ μm^2^ area of the ventral medial portion of C3 (boxed area shown in *B*). Data is presented for all axons \>5 μm in diameter (*n* = 263 for wild type and 307 for NF-M^−/−^) from a 5-mo-old wild-type and mutant NF-M animal. Note the dramatic reduction in large diameter fibers accompanied by a shift to smaller diameter fibers in the null mutant. (*B*) Light microscopy of a toluidine blue-- stained section of ventral cervical cord (C3) from a wild-type animal. Box indicates the region used to generate the frequency distributions shown in *A*. Bar, 50 μm.](JCB15164.f5){#F5}
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Axon calibers in optic nerves. (*A* and *B*) Electron micrographs from optic nerves of 5-mo-old NF-M null mutant (*A*) and wild-type (*B*) mice. Note the generally reduced size of myelinated axons in the NF-M animal. (*C*) Axon sizes were determined in the optic nerves of a 5-mo-old wild type and NF-M null mutant. Quantitation was performed by sampling every third myelinated axon in five randomly selected fields (*n* = 193 wild type, 322 NF-M^−/−^). Note the shift towards smaller diameter fibers in the mutant. Bar, 3 μm.
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![Appearance of neurofilaments in mice with an NF-M null mutation. (*A* and *B*) NFs in axons of L5 ventral root are viewed in cross section and longitudinally (*insets*) from 4-mo-old NF-M null mutant (*A*) or wild-type mice (*B*). NFs (*triangles*) are reduced in the NF-M null mutant (*A*) as compared with control (*B*), while microtubules (*asterisks*) are increased. Bar, 300 nm.](JCB15164.f7){#F7}

![Neurofilament and microtubule content in NF-M--deficient animals. (*A*) NFs were counted in the internodal regions of L5 ventral root axons of 4-mo-old mutant and control animals. The number of NFs in each axon was plotted against axonal size (area in μm^2^). Note that in axons of similar size, the wild type has more NFs than the NF-M null mutant. (*B*) NF densities were determined using methods similar to those described by Price et al. ([@B35]). A template of hexagons was applied over each electron micrograph and the number of NFs per hexagon counted. At least 300 hexagons (*n* = 314 wild type, 322 NF-M mutant) each equivalent to an area of 0.10 μm^2^ were counted and a frequency distribution plot was generated showing the number of NFs per hexagon. Note the dramatically reduced density of NFs in the NF-M mutant. (*C*) Microtubules were counted in the same axons as in *A*. In contrast to NFs, axons in NF-M mutant animals have more microtubules than axons of comparable size in wild type. (*D*) The ratio of microtubules (*MT*) to NFs is shown for the axons in *A* and *C*.](JCB15164.f8){#F8}

![Nearest neighbor analysis of neurofilament spacing in NF-M--deficient animals. (*A*) Interfilament spacing was analyzed in 10 mutant (range 0.78--8.72 μm^2^, average 3.91 ± 3.10 SD) and 10 wild-type (range 1.63--8.58, average 3.99 ± 2.50) axons from the L5 ventral roots of 4-mo-old animals. The positions of all NFs in each axon (*n* = 1,683 mutant and 4,709 wild type) were determined and nearest neighbor distances computed. Note that although the decreased NF density in the mutant results in an increased average interfilament distance, the modal distance is similar in both mutant and control. (*B*) Values for the individual axons measured in *A* are shown.](JCB15164.f9){#F9}
